The purpose of this study was to investigate the effect of curcumin-treated Herpes simplex virus-1 (HSV-1) and Herpes simplex virus-2 (HSV-2) virions in cultured Vero cells. Previous studies have indicated that curcumin, a polyphenol extracted from the plant Curcuma longa, has demonstrated antiviral properties against a variety of viruses. After establishing the maximum non-cytotoxic concentrations of curcumin on Vero cells, HSV-1 and HSV-2 virions were treated with varying concentrations of curcumin. The effect on infectivity was determined by antiviral assays, using WST-1, plaque assays, adsorption and penetration assays. Treating HSV-1 and HSV-2 viruses with curcumin, at a concentration of 30 µM, reduces the production of infectious HSV-1 and HSV-2 virions in cultured Vero cells by interfering with the adsorption process. These results support the potential of curcumin to be used as a therapeutic agent to reduce the transmission of HSV-1 and HSV-2.
Introduction
Herpes simplex virus 1 (HSV-1) and Herpes simplex virus 2 (HSV-2) (family Herpesviridae, subfamily Alphaherpesvirinae) are transferred among humans via an oral or sexual route [1] [2] . To initiate lytic infection, HSV virions must attach to cellular receptors, and then fuse their envelopes with host cell plasma membranes [3] - [5] . This process of adsorption is followed by penetration and transport of the encapsidated DNA genome to the nuclear pore, where the viral DNA is released [6] . Following infection of epithelial cells, HSV is able to migrate to the spinal ganglions where lifelong latent infection is established. Periodic outbreaks occur due to reactivation, resulting in viral shedding from lesions [7] .
HSV-1, a common infection in children, is most commonly associated with oral lesions while HSV-2 is associated with genital lesions [1] [6] [8] . However, HSV-1 is emerging as a cause of genital herpes in some developed countries, especially among young adults [8] . Most cases of genital herpes are asymptomatic [9] but transmission of HSV can occur during asymptomatic viral shedding [10] .
Worldwide the incidence of HSV-1 or HSV-2 is estimated between 65% and 90% of the total population. HSV-1 is the most prevalent in the United States and in Europe whereas developing countries have a much higher incidence of HSV-2 infections [11] - [16] . Sero-prevalence of HSV-2 increases with increased sexual activity [9] . Current treatments that work to reduce transmission of HSV are not cost effective and are hard to obtain in under-developed countries where HSV is the most prevalent [17] .
Recently, plant derived products have gained popularity as promising antiviral agents [18] - [24] . One of the promising interests is curcumin (diferuloylmethane), a polyphenol extracted from the plant Curcuma longa, a member of the ginger family Zingiberaceae. Curcumin (PubChem CID: 969516), a phenolic compound from the spice turmeric, is widely abundant and cost effective. This compound is demonstrated to contain antioxidant, anti-inflammatory, and antitumor properties [25] - [28] . Curcumin has also been demonstrated to have antiviral properties against hepatits B, hepatits C, influenza, enterovirus 71, and dengue virus [29] - [35] . Additionally, treatment of cells with curcumin has been demonstrated to inhibit immediate-early gene expression of HSV-1 [36] . Treatment with curcumin also resulted in protection against intravaginal challenge by HSV-2 in mice [36] . These studies demonstrate that curcumin acts to inhibit virus infection by multiple modes of action and indicate that curcumin warrants further investigation as an antiviral agent against herpes simplex viruses. The purpose of this study is to investigate the effect of curcumin-treated HSV-1 and HSV-2 virions in cultured Vero cells.
Materials and Methods

Cell Culture
Vero cells [ATCC (Manassas, VA)] were cultured until confluent in vented flasks in Dulbecco's Modified Eagle Medium (DMEM) with 5% fetal bovine serum (FBS) and 1 µg/mL gentamicin at 37˚C and 5% CO 2 .
HSV-1 and HSV-2 Virus Maintenance
A recombinant strain of HSV-1, GHSV-UL46, which contains the sequence for green fluorescent protein (GFP) fused to the tegument protein pUL46 (ATCC, Manassas, VA, USA) and HSV-2VP26-GFP which expresses a fusion protein of VP26 and GFP (generously donated by Dr. Andrea Bertke, Virginia Tech University) were used in all experiments. Passage of virus was performed in T-25 flasks and cells were allowed to reach complete cytopathic effect (CPE). The viral media were then collected, centrifuged, and the supernatants containing viruses were kept in cryogenic vials at −80˚C.
Preparation of Curcumin
Curcumin (Sigma-Aldrich, St; Louis, MO) was dissolved in dimethylsulfoxide (DMSO) to produce an initial stock concentration of 15mM, stored at −20˚C. Further dilutions (10 -100 µM) of the stock solution were freshly prepared in 5% FBS-DMEM as needed to yield <0.2% DMSO in solution.
Curcumin Cytotoxicity
Cell Viability with Trypan Blue Assay
Vero cells were plated in 6-well plates, and after 24 hours, different concentrations of curcumin were added to each well. After one hour, the curcumin was aspirated and the cells were washed with PBS, and cells, including positive and negative control groups, were incubated with 5% FBS-DMEM for 48 hours. Cells were then stained with trypan blue and quantified using a hemocytometer. The % of viability was calculated as follows: % Viability = (unstained viable cells treated/unstained viable cell control) × 100. Triplicate experiments were carried out and the percent viability was represented by the mean and standard deviation (SD).
Cell Proliferation Assay
Vero cells were cultured in 96-well plates for 24 hours then treated with various concentrations of curcumin for 1hour.Cell proliferation reagent WST-1 [2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium, monosodium salt] (Roche Diagnostics, Indianapolis, IN, USA) (10 µL) was added to each well that contained a sample 24 hours post-treatment; controls included 100 µL of 5% FBS-DMEM both with and without the 10 µL of WST-1 reagent. The plate was gently rocked to mix the WST-1 reagent with each sample, and then placed in an incubator at 37˚C and 5% CO 2 for 2 hours. The absorbance level for each well was measured at 450 nm in a microplate reader. The % of growth was calculated as follows.
Percent growth = (OD 450 of treated/OD 450 of control) × 100. Triplicate experiments were carried out and the percent growth was represented by the mean and standard deviation (SD).
WST-1 Antiviral Assay
Vero cells were cultured in 96 well plates for 24 hours. 100 µL of 2X curcumin solutions (10 µM, 20 µM, 30 µM, 40 µM and 50 µM) were mixed with 100 µL of HSV-1 and HSV-2 in microfuge tubes and incubated at room temperature for 1 hour. Then, 100 µL of each mixture was added to a separate well on a 96-well plate containing Vero cells, from which the media had been aspirated. The plates were incubated at 37˚C and 5% CO 2 for 1 hour and rocked every 15 minutes. After 1 hour, any unabsorbed virus was aspirated and 100 µl of 5% FBS-media was added to each well, and incubated at 37˚C and 5% CO 2 for 24 hours. 10µL of WST-1 reagent (Roche Diagnostics, Indianapolis, IN, USA) was added 24 hours post treatment to each well that contained a sample; controls included 100 µL of 5% FBS-DMEM both with and without the 10 µL of WST-1 reagent. The plate was gently rocked to mix the WST-1 reagent with each sample, and then placed in an incubator at 37˚C and 5% CO 2 for 2 hours. The absorbance level for each well was measured at 450 nm in a microplate reader. The percent of inhibition was calculated as follows.
Percent inhibition = (treated HSV OD 450 -untreated HSV OD 450 )/(cells OD 450 -untreated HSV OD 450 ) × 100 [38] .
Triplicate experiments were carried out and the percent growth was represented by the mean and standard deviation (SD).
Viral Inhibition Assay
100 µL of 2× curcumin solutions were mixed with 100 µL of HSV-1 and HSV-2 in microcentrifuge tubes at final concentrations of 10 µM, 20 µM, 30 µM, 40 µM and 50 µM and incubated at room temperature for 1 hour. A sample without treatment was used as positive and a sample containing 100 µL of 5% FBS-DMEM was used as negative control. Then, 200 µL of each mixture was added to a separate well on a 6-well plate containing Vero cells, from which the media had been aspirated. The plates were incubated at 37˚C and 5% CO 2 for 1 hour and rocked every 15 minutes. After 1 hour, any unabsorbed virus was aspirated and 2.5 mL of 5% FBS-media was added to each well of Vero cells, and incubated at 37˚C and 5% CO 2 for 48 hours. Virus titers were determined by plaque assays.
Viral Titer Determination using Plaque Assay
Ten-fold serial dilutions, 10 −1 to 10
, of HSV-1, HSV-2, and virus-treated extracts of HSV-1 and HSV-2 were prepared prior to infection. Confluent Vero cell monolayers were then infected with 100 µL of viral dilutions ranging from 10 −3 -10 −6 in full log increments, and allowed to adsorb for 1 hour at 37˚C and 5% CO 2 . Unabsorbed viruses were aspirated, and plates were then overlaid with a nutrient medium-containing 4% Oxoid agar (Thermo Scientific) and incubated for 72 hours. The plaques were visualized by staining cells with crystal violet and removing agar. The number of plaque-forming units was determined within 50 hours and the percent of inhibition was calculated as follows.
Percent of inhibition = (1-PFU of treated/PFU of untreated) × 100.
Fluorescent Microscopy
To visualize the effect that the 30 µM curcumin had on viral propagation, Vero cells were placed on coverslips within 12 well plates and allowed to reach confluency (48 hours). The curcumin treated virus assay was conducted, as previously described. Cells were stained with 300 µL of 300 nM DAPI (4, 6-diamidino-2-phenylindole) stain for 5 min. at 37˚C in the dark. Cells were then fixed with 2% -4% paraformaldehyde solution for 10 -20 min. then rinsed briefly with PBS. The cover slip containing cells were mounted to a slide with a solution of 90% glycerol and 10% PBS and permanently sealed around the perimeter using clear nail polish. Cells were then visualized under a Zeiss Axiovision fluorescence microscope with a digital camera with the magnification of 400× or 1000×.
Viral Adsorption Assay
Equal volumes (100 µL) of 30 µM curcumin and a virus suspension, containing virus to yield 20 -30 plaques per well, were placed in microcentrifuge tubes, and the mixtures were incubated at 37˚C for 1 hour. FBS-DMEM without virus was used as the negative control and untreated virus suspensions served as the positive control. The samples were then placed on monolayers of Vero cells in 6-well plates and the virus was allowed to adsorb in the presence of the curcumin. Unabsorbed solutions were aspirated, and nutrient medium-containing agar was then added to each of the wells, and the plates were incubated at 37˚C and 5% CO 2 for 3 days. Adsorption efficiency was assessed by counting plaques, as described above.
Viral Penetration Assay
Virus suspensions were prepared on ice to produce 20 -30 plaques per well on monolayers of Vero cells in 6-well plates. Virus suspensions were placed on cells, and plates were incubated at 4˚C for 2 hours to allow attachment. Curcumin (30 µM) was then added to the wells at room temperature and plates were incubated at 37˚C for 10 minutes to allow penetration. Untreated cells were used as controls. Unattached virions were then washed off with PBS, and unabsorbed solutions were aspirated. Nutrient medium-containing agar was then added to each of the wells, including positive and negative controls, and the plates were incubated at 37˚C and 5% CO 2 for 3 days. Plaques were counted as described above.
Results
1. Cell Viability Study with Trypan Blue Assay
The cells were treated with different concentrations of curcumin (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 µM) for 1 hour and then incubated for 48 hours at 37˚C. The cell viability was determined by using trypan blue and hemacytometer direct cell count to detect the effect of curcumin on Vero cells. The results illustrated the mean of three replicas and SD in percent viability is shown in Figure 1 . It is indicated that Vero cells respond to curcumin in a dose-dependent manner: for concentrations of 10 and 20 µM, the percent viability is 96% and 94%, respectively, as compared to the control; 30 and 40 µM percent viability is 84% and 77%, respectively; at the concentrations of 50 and 60 µM, the percent viability decreased to 69% and 59%, respectively. For concentrations of 70, 80, 90 and 100 µM, the percentages of viability are severely reduced to 36%, 28%, 24% and 16%, respectively. The results suggested that concentrations from 10 to 30 µM are not toxic to Vero cells. Therefore, concentrations up to 30 µM can be used to treat HSV-1 and HSV-2 and study their inhibitory effects on viral infection.
Cell Proliferation Assay with WST-1
In this study, cell proliferation was examined after treating Vero cells with different concentrations (30, 40 and 50 µM) of curcumin for 1 hour and then incubated for 24 hours. The WST-1 assay was carried out to monitor cellular metabolism. Each experiment was assayed in triplicate; the mean and SD were generated. The results of percent growth are shown in Figure 2 . The proliferation assay results indicate that 30 µM of curcumin is not inhibiting cell proliferation and the percent of growth is 93% relative to the control. This concentration is not toxic to the proliferation of Vero cells. However, concentrations of 40 and 50 µM decrease the growth to 72% and 58% of the control. The results correlate well with cell viability study. The results suggested that the maximum concentration that could be used in this study is 30 µM with no effect on cell viability and proliferation.
WST-1 Antiviral Assay
HSV-1 and HSV-2 were treated with different concentrations (0, 10, 20, 30, 40 and 50 µM) of curcumin for 1 hour and then used to infect Vero cells. The cell proliferation was analyzed using the WST-1 assay to determine the effect of curcurmin on cytopathic effect of HSV on Vero cells. The results are shown in Figure 3 . For both HSV-1 and HSV-2, concentrations of 10 and 20 µM curcumin have no effect on viral infection. The results are very similar to the untreated virus (data not shown). For curcumin treated HSV-1 at 30, 40 and 50 µM, the percentages of inhibition are 85%, 73% and 53%, respectively. For HSV-2, the percent inhibition for 30, 40 and 50 µM are 68%, 40% and 29%, respectively. These results suggested that the minimum inhibitory concentration of curcumin on both HSV-1 and HSV-2 is 30 µM. The concentrations at 40 and 50 µM of curcumin reduced the inhibitory effect due to the toxic effect of these concentrations on Vero cells as indicated in Figure 1 and Figure  2 . The data suggested that curcumin at 30 µM can inhibit both HSV-1 and HSV-2, with more efficient inhibition of HSV-1 in cultured Vero cells.
Viral Titer Determination using Plaque Assay
Plaque assay was carried out to quantitatively study the effect of 30 µM of curcumin on the viral plaque production. Results are shown in Table 1 , Figure 4 and Figure 5 . The PFU/mL of HSV-1 infected Vero cells is 2. 35 × 10 8 , and PFU/mL of curcumin treated HSV-1 is reduced to 1.8 × 10 7 and 92% inhibition. The PFU/mL of HSV-2 infected Vero cell is 1.8 × 10 8 , and PFU/mL of curcumin treated HSV-2 is 2.1 × 10 7 . Curcumin inhibits 
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88% PFUs/mL in HSV-2. This suggests that curcumin is able to inhibit both HSV-1 and HSV-2 and is more potent in inhibiting HSV-1 than HSV-2. This result correlates well with the WST-1 antiviral assay.
Fluorescence Microscopy Observation of HSV-Infected Vero Cells and Curcumin-Treated HSV Infected Vero Cells
Fluorescence microscopy observations were employed to determine if curcumin blocks a stage of the HSV replication cycle. Both HSV-1 and HSV-2 viruses used in this study contain the sequence for green fluorescent protein (see materials and methods), thus the localization of GFP was observed to evaluate the processes of the viral replication cycle. DAPI stain was also used to study the integrity of the nucleus in Vero cells and infected Vero cells. Vero cells were used as the negative control and HSV infected Vero cells were used as the positive control. Curcumin with the concentration of 30 µM was used to treat HSV-1 and HSV-2 for one hour prior to viral infection and the Images were taken at 12 hours post infection. The results of green fluorescence, DAPI stain and overlay images are shown in Figures 6-8 . Vero cells without any treatment or infection are shown in Figure 6 . From the green fluorescence image (Figure 6(A) ), some areas have light smooth green background but no sharp green fluorescent particles are observed. DAPI stained nuclei show clear margins and no granules are observed, thus illustrating the integrity of the nucleus in normal cells (Figure 6(B) ). The overlay image shows green fluorescence (for detection of viral particles) and blue fluorescence (for integrity of cell nuclei), and their relative intensity (Figure 6(C) ). These images are used as a reference to compare each of the treated and non-treated viral infected samples. Figure 7 shows the HSV-1 infected Vero cells and curcumin treated HSV-1 infected Vero cells at 12 hours post infection. In HSV-1 infected Vero cells (Figures 7(A)-(C) ), the cell morphology changed and appeared more rounded than the normal flat Vero cells (Figure 6 ). The appearance of green fluorescence is the tegument tagged HSV-1 GFP capsid that represents one of the final stages of the viral reproductive cycle. Figure 7 (A) clearly indicated that there are significant amounts of GFP expression in HSV-1 infected Vero cells. DAPI stain (Figure 7(B) ) of HSV-1 infected cells indicates nuclear changes with granulation and demargination. The overlay image (Figure 7(C) ) demonstrates the sharp green particles on blue nuclei. In the curcumin treated HSV-1 infected cells (Figures 7(A')-(C') ), the images are very similar to the uninfected cell alone images. These results suggest that the curcumin treatment affects the viral replication cycle and prevents viral production in the treated samples.
HSV-2 used in this study, is tagged with GFP on the VP26 capsid protein. The expression of GFP also indicates one of the final stages of the viral replication cycle. The results of the study with HSV-2 are similar to the findings of the HSV-1 study (Figure 8) . In HSV-2 infected cells, clear morphological changes in the cells, significant GFP expression with sharp green particles (Figure 8(A) ), loss of nuclear integrity (Figure 8(B) ) and obvious green fluorescence on the overlay image are observed (Figure 8(C) ). The curcumin treated HSV-2 infected cells (Figures 8(A')-(C') ) are very different from the untreated HSV-2 infected samples and very similar to the untreated cells alone. The results from this fluorescence microscopy study suggest that curcumin is able to inhibit both HSV-1 and HSV-2 replication and prevent completion of the viral lytic cycle.
Viral Adsorption and Penetration Assay
In order to determine one of the mechanisms of inhibition of HSV-1 and HSV-2 by curcumin, studies on adsorption and penetration, the initial steps of viral lytic cycle, were carried out. The results are shown in Table 2 . For the adsorption assay, PFU/mL for untreated HSV-1 is 2.4 × 10 6 and for treated is 3.5 × 10
5
, respectively. The percent of inhibition is 85.4% compared to the untreated control. PFU/mL for untreated HSV-2 is 8 × 10 6 and for treated is 2 × 10 5 respectively. The percent of inhibition is 97.5%. For the penetration assay, both HSV-1 and HSV-2 with treated and untreated samples, the PFUs/mL are very similar. The results indicate that curcumin is able to inhibit viral adsorption but is not able to inhibit viral penetration. Thus, the studies suggest that curcumin blocks adsorption, an initial stage of viral infection.
Discussions
There is considerable evidence that curcumin demonstrates antiviral activity against a wide variety of viruses, including Herpes simplex viruses by a variety of modes of action [29] - [38] . However, there still remains a need to further investigate the application of curcumin as an antiviral agent against Herpes simplex viruses and its mode of action because Herpes simplex virus infections continue to be a significant health problem in the United States and worldwide. Recurrent HSV infections result in cold sores and painful lesions. Current treatments to reduce transmission, such as acyclovir, are available but may be expensive and may have undesirable side effects and drawbacks [39] [40] . There remains a need for safe, lower cost alternative treatments for HSV infections. Curcumin, at 30 µM (11.05 µg/mL), has the potential to act as a therapeutic agent to reduce the transmission of Herpes simplex viruses. Our results indicate that the minimum inhibitory concentration of curcumin (30 µM) is safe and non-cytotoxic to cultured cells, consistent with previous studies [23] [31] [33] [41] . Curcumin, at concentrations tested, had no negative effects on either cell viability or cell proliferation. The antiviral and antitumor effectiveness and safety of curcumin were also tested in vivo [42] [43] . Previous studies have investigated the effects of treating cells with curcumin on HSV-1 infection [35] or treating HSV-2 virions with curcumin [36] . This study is unique in investigating the effect on the infection cycle of curcumin-treated HSV-1 and HSV-2 virions.
The inhibitory effects of curcumin were measured by a variety of assays including WST-1 antiviral assay, plaque assays, and by fluorescent microscopy. Treatment of virions with non-cytotoxic concentrations of curcumin for 1 hour inhibited the infection cycles of both HSV-1 and HSV-2. Viral titers were reduced for both HSV-1 and HSV-2, but more efficiently for HSV-1. Treatment did not, however, inactivate all virions. These results were confirmed by fluorescent microscopy.
Previous studies have demonstrated that curcumin inhibits entry of hepatitis C viruses [32] , influenza and paramyxovirus NDV [33] [41] . Therefore, this study investigated possible mechanisms of inhibition by focusing on events in early stages of the viral life cycles.
This study demonstrated that treatment of HSV-1 and HSV-2 virus particles with curcumin affects an early stage of Vero cell infections. The processes of adsorption and penetration were investigated but virus titers were reduced during adsorption, with no significant effect on penetration.
